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ABSTRACT
In this study, V-shaped dislocations in a GaN epitaxial layer on a free-standing GaN substrate were observed. Our investigation further
revealed that the V-shaped dislocations were newly generated at the interface in the epilayer rather than propagated from the GaN substrate.
V-shaped dislocations consist of two straight parts. The straight parts of the V-shaped dislocations were separated from each other in the
m-direction and tilted toward the step-flow direction of the GaN epitaxial layer. The V-shaped dislocations are continuous single dislocations
having a Burgers vector component of 1a and an intrinsic stacking fault between their straight parts.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5114866., s
Gallium nitride (GaN) is a promising material for applica-
tions in high-performance power devices because of its wide band
gap, high critical electric field strength, and high bulk mobil-
ity.1–9 Recently, as the quality of GaN free-standing substrates has
increased and the dislocation density has decreased,10–13 practical
applications of vertical GaN power devices have received an increas-
ing amount of attention. However, the dislocation density of com-
mercially available substrates is from 103 to 107 cm−2, meaning
that it is still difficult to fabricate dislocation-free devices with a
GaN substrate. Therefore, the effect of dislocations on the electric
properties of vertical GaN devices has been extensively investi-
gated.14–19 One primary objective is to fabricate devices on a sub-
strate without dislocations. In this study, we investigate how dislo-
cations propagate into an epitaxial layer from a substrate when using
a low-dislocation-density substrate.
A commercially available epi-ready n-type GaN (0001) sub-
strate20 with a threading dislocation density (TDD) of 103 cm−2 was
used in this study. The size of the substrate was 1 cm2, and before
initiating the growth of the epitaxial layer, the TDD of the sub-
strate was verified by synchrotron X-ray topography. The substrate
was cleaned by acetone, methanol, sulfuric peroxide mixture (SPM),
aqua regia and HF solutions. The substrate was rinsed by deionized
water, dried by nitrogen gas blow. An undoped GaN epitaxial layer
was then grown on the substrate by metalorganic vapor phase epi-
taxy (MOVPE), in which trimethylgallium (TMGa) and ammonia
(NH3) were used as precursors and hydrogen (H2) was the carrier
gas. The epitaxial layer was grown at a temperature of 1100 ○C, a
pressure of 100 kPa, and a V/III ratio of 1019. The thickness of the
epitaxial layer was 26 μm and the growth rate was 3.7 μm/h. Fur-
thermore, synchrotron X-ray topography was used to observe the
change of TDD. X-ray topography images were taken with a g vec-
tor of [112̄4] and a beam energy in the range of 8.26 to 8.28 keV.
The penetration depth of the X-rays under these conditions was
calculated to be about 5.4 μm, which was much smaller than
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FIG. 1. X-ray topography images of (a)
substrate and (b) epitaxial layer. The
inset of (b) shows generated pair dislo-
cations.
FIG. 2. MEPM images of V-shaped dis-
locations. (a) Three-dimensional image
showing bird’s-eye view. (b) Image pro-
jected onto c-plane. Dashed lines in (b)
indicate the m-direction.
the thickness of the epitaxial layer. We also investigated dis-
location propagation in the samples by multiphoton excitation
photoluminescence microscopy (MEPM), which is an excellent
tool for observing the shape of dislocations in GaN as reported
in Ref. 21.
Figure 1 shows X-ray topography images of the GaN sub-
strate before epitaxial growth (a) and the GaN epilayer after growth
(b) at the same location. The TDD of the sample before epitaxial
growth was 2.80 × 103 cm−2, whereas after epitaxial growth, the
TDD increased to 2.21 × 105 cm−2. As shown in the inset of Fig. 1(b),
dislocations typically exist in pairs, and these generated dislocations
were observed throughout the sample.
Figure 2 presents MEPM images of the epitaxial layer of the
sample. Dislocations are indicated as bright blue lines. Figure 2(a)
is a bird’s-eye view of a three-dimensional (3D) image. Figure 2(b)
is a top view projected onto the c-plane. As shown in Fig. 2(a),
V-shaped dislocations (VsDs) start at the interface between the
epitaxial layer and the substrate. There have been several reports
on the generation of VsDs during the fabrication of InGaN mul-
tiple quantum wells.22–24 However, there is no report about that
VsDs were observed in detail in a GaN epilayer homoepitaxially
grown on a GaN substrate. The red dashed lines in Fig. 2(b) indi-
cate the m-direction. While the two linear parts of the V-shape are
separated from each other in the m-direction, the VsDs separat-
ing toward [11̄00] are inclined to the left-hand side in Fig. 2(b).
In the cases of VsDs separating toward [1̄010] and [011̄0], the
left-hand-side portions are tilted more than the right-hand-side
parts.
Observing this area by atomic force microscopy (AFM) (see
Fig. 3), step-flow growth was found to occur to the left, and
it is considered that VsDs are easily tilted by a step flow. The
average separating angle of dislocation was 9.5○ and tilted angle
towards left-hand-side was 8.6○. To obtain a detailed understand-
ing of these VsDs, we observed one of them by high-angle annular
FIG. 3. AFM images of the area where MEPM observation was performed. (a)
Large-area image. (b) Magnified image of (a). (c) Height profile along the line in
(b). (c) indicates a steps occurred on the left-hand side of this area.
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FIG. 4. SEM image of top of pair of V-shaped dislocations
(a), HAADF images of each dislocation (b) and (b’). Blue
lines indicate Burgers circuits and yellow arrows indicate
the Burgers vectors of the dislocations enclosed in each
Burgers circuit.
dark-field scanning transmission electron microscopy (HAADF-
STEM). Figure 4 presents an HAADF image of the two parts of a
VsD. The blue lines in Figs. 4(b) and (b’) are the Burgers circuits
surrounding each dislocation core, which are clockwise in Fig. 4(b)
and counterclockwise in Fig. 4(b’). These Burgers circuits are drawn
in such a way that the relationship between the dislocation line vec-
tor and the Burgers circuit is always constant, regarding the VsD
as a single continuous dislocation. In particular, we configured the
dislocation line vector to be in the backward direction in Fig. 4(b)
and the forward direction in Fig. 4(b’). As shown in Figs. 4(b) and
(b’), both dislocations have the same direction of the 1a edge com-
ponents, which is consistent with the assumption that the VsD is a
single continuous dislocation. That is, it is a newly generated half-
loop dislocation. From these Burgers circuits, we can observe that
there is an extra a-plane on the left-hand side of the dislocation
core in Fig. 4(b) and on the right-hand side of the dislocation core
in Fig. 4(b’). This means that an intrinsic stacking fault with an a-
plane exists inside the VsD. Figure 5 shows schematic images of the
stacking fault and the surrounding dislocation.
It is measured by XRD that this substrate has a-lattice con-
stant of 3.1876 Å. On the other hand, it is very difficult to know
ideal lattice constant of the epitaxial layer, because it is very diffi-
cult to get free-standing MOVPE layer. However, since well-known
a-lattice constant of undoped GaN is 3.189 Å and the epitaxial layer
is also undoped, the ideal lattice constant of the epitaxial layer must
be larger than 3.1876 Å. With this assumption, generation mecha-
nism of this VsDs can be explained in the same logic as discussed
in Ref. 23 that VsDs are generated in the crystal with the larger lat-
tice constant to produce partial stress relaxation due to the presence
of an effective misfit dislocation component. Since these VsDs are
affected by step-flow growth, it is natural to consider that the critical
film thickness is very small and most of observed part of VsDs by
MPEM in Fig. 2 are not generated from the surface but are grown
with epitaxial growth. In calculating the critical film thickness, it
is appropriate to assume the case without dislocation interaction,
since VsDs are newly generated and no other dislocations propa-
gated from substrate around VsDs. According to Ref. 25, critical
film thickness hc in the absence of interaction of dislocations is
determined by





) + 1] (1)
where b is the magnitude of the Burger’s vector, f is the ratio of
lattice mismatch, and ν is Poission’s ratio. Calculated critical film
thickness is 379 nm with assuming lattice constant of epitaxial layer
of 3.189 Å. This value is much less than depth direction resolution
of MEPM of 3.2 μm. Therefore, the origin points of the VsD and
interface of epitaxial layer and substrate can not be separated with
MEPM.
The width of the intrinsic stacking faults increased with the
thickness of the epitaxial layer. In other words, the 1a edge dislo-
cation, as part of the VsD, climb towards the m-direction. For dislo-
cation climbing, point defect is needed. In this case, since those VsDs
spread during epitaxial growth, the growth surface acts as a source
of point defects. About the tilting of the VsDs towards step flow
FIG. 5. Schematic images of the stacking fault and the surrounding dislocation.
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direction, they have a Burgers vector of 1a, thus, the slip plane is the
m-plane and it is easy for the dislocations to tilt towards a-direction,
as clearly discussed in Ref. 26.
In this study, despite the homoepitaxy, it was revealed that
VsDs are generated in a GaN epitaxial layer on a GaN substrate.
Lack of dislocations and difference in the lattice constant between
the substrate and the epitaxial layer are considered to be a cause
of generation of VsDs. Therefore, it is necessary to consider which
impurity is most suitable to control the conductivity and lattice
constant to suppress the generation of dislocations in an epitaxial
layer of GaN on the GaN substrate with low threading dislocation
density.
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